Background: Androgen receptor (AR) signaling is indispensable for the development of castration-resistant prostate cancer. Results: Hydrogen sulfide (H 2 S) inhibits AR transactivation, and the expression of cystathionine ␥-lyase (CSE) and H 2 S production in antiandrogen-resistant prostate cancer cells is lower. Conclusion: Lower level of H 2 S contributes to antiandrogen-resistant status in prostate cancer cells. Significance: CSE/H 2 S system can serve as a valuable prognosis indicator for treatment of prostate cancer.
Prostate cancer is a hormonally regulated malignancy, and androgen receptor (AR) 2 signaling is essential for the normal development and functions of prostate as well as the initiation and progression of prostate cancer (1) . Upon binding with androgens, AR undergoes a conformational change that ultimately leads to its nuclear translocation and controls the transcriptions of a specific set of androgen-responsive genes, such as prostate-specific antigen (PSA), and concomitant tumor progression (2, 3) . Androgen deprivation therapy has been used for the initial treatment of prostate cancer; however, there is inevitable disease progression from an androgen-dependent state to an aggressive androgen-resistant state, leading to castration-resistant prostate cancer (CRPC) (3, 4) . The mechanisms underlying the development of CRPC are largely unclear, although AR signaling still plays important roles in CRPC (5) .
The AR consists of four structurally and functionally distinct domains, a poorly conserved N-terminal domain, a highly conserved DNA binding domain (DBD), a short hinge region, and a moderately conserved C-terminal ligand binding domain (6, 7) . The DBD of AR contains two cysteine 4-type zinc fingers, which enable the AR to specifically recognize androgen-responsive elements (AREs) (8) . The second zinc finger is indispensable for the stabilization and specificity of receptor DNA binding (8, 9) . The zinc finger is redox-sensitive and therefore may be a molecular target for post-translational modification (9, 10) . Nitric oxide (NO) was shown to suppress androgeninduced AR binding activity by S-nitrosylating cysteine 601, located in the second zinc finger (9) . Mutation of cysteine 619 in the second zinc finger also caused AR dysfunction (11) .
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␥-lyase (CSE) and cystathionine ␤-synthase (CBS), two main H 2 S-generating enzymes, were demonstrated to be expressed in human prostate tissues and prostate cancer cells (17) . The concentration of cysteine (one substrate for producing H 2 S) in plasma was significantly decreased as a result of prostate tumor progression (18) . One main signaling mechanism underlying H 2 S regulation of cellular function is post-translational modification of proteins through S-sulfhydration (19, 20) . Given the importance of H 2 S in cancer protection and AR signaling in CRPC, the regulation of AR signaling by H 2 S and its mediation in androgen-dependent and -independent AR transactivation in prostate cancer cells remain to be delineated.
In the current study, we explored the involvement of CSE/ H 2 S system in antiandrogen-resistant prostate cancer cell growth. Post-translational modification of AR by H 2 S through S-sulfhydration was examined. H 2 S inhibition of AR transactivation via interruption of AR dimerization was further studied. Our study indicates an important role of endogenous H 2 S in AR signaling and antiandrogen-resistant cell growth in CRPC.
EXPERIMENTAL PROCEDURES
Mice and Cell Culture-CSE knock-out mice were generated as described previously (21) . All animals were maintained on standard rodent chow and had free access to food and water. All animal experiments were conducted in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Lakehead University Animal Care Committee. After the mice were anesthetized, the prostate tissues were dissected and cleaned for protein extraction or H 2 S measurement.
The AR-positive human prostate cancer cell line (LNCaP) was purchased from the American Type Culture Collection (Manassas, VA) and cultured with RPMI 1640 medium (Sigma, Oakville, Ontario, Canada) supplemented with 10% FBS, 100 units/ml penicillin, and 100 g/ml streptomycin at 37°C in a 5% CO 2 , 95% air atmosphere (22) . Cos-1 cells (American Type Culture Collection) were cultured at 37°C under 5% CO 2 in minimal essential medium supplemented with 10% FBS, 100 units/ml penicillin, and 100 g/ml streptomycin. Cos-1 cells were subjected to gene transfection when they had grown to 70 -80% confluence. Charcoal/dextran-stripped FBS (5%) and phenol red-free medium were used for the experiments with androgen-dependent cell growth and AR transactivation. In one group of experiments, LNCaP cells were continually incubated with 2 M bicalutamide in the steroid-free medium containing 5% charcoal/dextran-stripped FBS for 10 weeks, and formed colonies were cultured in steroid-free medium as antiandrogen-resistant LNCaP cell line (LNCaP-B) (22) .
Determination of mRNA Level-Total RNA was isolated using TRI Reagent (Invitrogen, Burlington, Ontario, Canada). First strand cDNA was prepared by reverse transcription using M-MuLV reverse transcriptase and random hexamer primers according to the manufacturer's protocol (New England Biolabs, Ipswich, MA). Real-time PCR was performed in an iCycler iQ 5 apparatus (Bio-Rad, Mississauga, Ontario, Canada) associated with the iCycler optical system software (version 3.1) using SYBR Green PCR master mix, as described previously (23) . The primers of PSA were 5Ј-GCCCACCCAGGAGCCAGCACT-3Ј (forward) and 5Ј-CCCCCAGAATCACCCGAGCAG-3Ј (reverse). The primers of TMPRSS2 were 5Ј-GACGGCATTT-GCGGGGATTTTG-3Ј (forward) and 5Ј-CACCTTGGCAGC-GTTCAGCACTTC-3Ј (reverse) (24) . The primers of ␤-actin were purchased from Ambion (Streetsville, Ontario, Canada).
ChIP Assay-The binding of AR with PSA promoter was determined by ChIP assay as described previously (25) . The samples incubated with nonspecific IgG antibody acted as negative control. A fraction of the protein-DNA was not precipitated but set aside for the total chromatin examination (termed input). The aimed sequence containing ARE sites in the promoters of PSA and TMPSS2 was amplified by PCR. The primers for PSA were 5Ј-CTTGGAGTGCAAAGGATCTAG-3Ј (forward) and reverse: 5Ј-CTGGGGAGCCTCCCCCAGGAGC-3Ј (reverse). The primers for TMPRSS2 were 5Ј-CCAGAGCCT-CCTCCAGGTTC-3Ј (forward) and 5Ј-GTACTCAAGCGGA-TCCCAGTC-3Ј (reverse). To exclude the unspecific AR binding, we also determined the binding of AR with the distant DNA region within PSA and TMPRSS2 promoter, which does not contain ARE sites predicted by bioinformatic analysis. Quantitative analyses of the AR and the promoter interaction were determined by real-time PCR, and binding intensity was normalized to the level of input by using the same primers.
Plasmid Preparation, Point Mutation, and Reporter Gene Assay-The plasmids pEGFP-AR was purchased from Addgene (Cambridge, MA) (26, 27) . Single and/or double mutation of cysteine 595, 601, 611, 614, and/or 619 in AR to alanine were conducted using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) (23), respectively. The site-directed mutants were confirmed by DNA sequencing.
ARE reporter assay was determined by using the androgen receptor reporter kit from Qiagen (Toronto, Ontario, Canada). Briefly, LNCaP cells were transfected with a mixture of inducible androgen receptor-responsive firefly luciferase construct (400 ng) and constitutively expressing Renilla luciferase construct (10 ng). The AR-responsive luciferase construct encodes the firefly luciferase reporter gene under the control of a CMV promoter and tandem repeats of the AR transcriptional response element. After 48 h of transfection, luciferase activities were measured with a Dual-Luciferase reporter assay kit (Promega, Madison, WI) (25) .
Western Blotting and Immunoprecipitation-After different treatments, cells or tissues were obtained and lysed. The protein lysates from human normal prostate tissue and prostate adenocarcinoma were obtained from OriGene Technologies Inc. (Rockville, MD). Equal amounts of proteins were boiled and separated by SDS-PAGE and electrophoretically transferred to nitrocellulose membrane as described previously (23) . The dimer forms of AR were determined by using low temperature PAGE as described everywhere (28) . To preserve dimer, all buffers and gels were prepared without 2-mercaptoethanol and SDS and pre-equilibrated to 4°C prior to electrophoresis. All procedures, including electrophoresis and membrane transfer, were operated at 4°C. The dilutions of primary antibodies were 1:2000 for CSE, CBS, and 3-mercaptopyruvate sulfurtransferase (Abnova), 1:200 for phosphorylated AR, AR, PSA, proliferative cell nuclear antigen (PCNA), cyclin D1, heat shock protein (HSP) 70 and 90 (Santa Cruz Biotechnology, Santa Cruz, CA), 1:2000 for GFP (Abcam, Toronto, Ontario, Canada), and 1:10000 for ␤-actin (Sigma).
For immunoprecipitation assay, soluble cell lysates were incubated with 1 g of anti-HSP70 or anti-HSP90 antibodies for 4 h at 4°C followed by incubation with protein A-agarose beads for 2 h at 4°C. The beads were washed three times with lysis buffer, and bound proteins were eluted by boiling for 5 min with 2ϫ SDS loading buffer and analyzed by Western blotting with anti-AR antibody (23) .
Immunohistochemistry-The prostate tissues from CSE knock-out mice and wild-type mice were dissected, cleaned, and fixed by immersion in 4% paraformaldehyde for 18 h and then embedded in paraffin (21) . Serial sections were cut at 4-m thickness. After deparaffinizing and blocking the endogenous peroxidase with 0.5% hydrogen peroxide, the antigen retrieval was performed using a rice steamer. Sections were blocked with 5% normal goat serum for 10 min and then incubated in PCNA antibody diluted in the blocking serum for 1 h followed by biotinylated secondary antibody (Vector Laboratories, Burlingame, CA). Sections were incubated in streptavidinperoxidase diluted 1/20 in Tris buffer for 10 min followed by development in the peroxidase substrate (Vector Laboratories) according to manufacturer's instructions. After counterstaining with hematoxylin, sections were dehydrated and mounted in Permount (Fisher Scientific). The PCNA-positive cells have dark brown nuclei, and the percentage of PCNA-positive cells was expressed as the ratio of PCNA-positive cells to total nucleated cells. At least two arbitrarily chosen fields per tissue cross section and three sections per tissue sample were examined.
RNA Interference and Adenovirus-modified CSE Expression-RNA interference was performed as described previously (23) . Briefly, the cells were transfected with CSE gene-specific short interfering RNA (CSE-siRNA, Life Technologies, Burlington, Ontario, Canada) for 48 h using Lipofectamine TM 2000 transfection agent in serum-free medium following manufacturer's protocol. The cells transfected with scrambled siRNA acted as a nonsilencing control. Recombinant CSE adenovirus vector (Ad-CSE) was constructed and transfected as described previously (29) , and the recombinant adenovirus encoding bacterial ␤-galactosidase (Ad-LacZ) derived from the same vector was used as a control.
S-Sulfhydration Assay-H 2 S S-sulfhydration was performed as described previously (20, 23) . Briefly, cells were homogenized in HEN buffer (250 mM Hepes-NaOH (pH 7.7), 1 mM EDTA, and 0.1 mM neocuproine) supplemented with 100 M deferoxamine and centrifuged at 13,000 ϫ g for 30 min at 4°C. Cell lysates were added to blocking buffer (HEN buffer with 2.5% SDS and 20 mM methyl methanethiosulfonate) at 50°C for 20 min with frequent vortexing. Methyl methanethiosulfonate was then removed by acetone, and the proteins were precipitated at Ϫ20°C for 20 min. After acetone removal, the proteins were resuspended in HENS buffer (HEN buffer with 1% SDS). To the suspension was added 4 mM N- [6-(biotinamido) hexyl]-3Ј-(2Ј-pyridyldithio)propionamide (biotin-HPDP) in dimethyl sulfoxide without ascorbic acid. After incubation for 3 h at 25°C, biotinylated proteins were precipitated by streptavidinagarose beads, which were then washed with HENS buffer. The biotinylated proteins were eluted by SDS-PAGE gel and subjected to Western blotting analysis using antibodies against AR or GFP, glucocorticoid receptor (GR), estrogen receptor ␣ (ER␣), and GAPDH.
H 2 S Production Measurement-H 2 S production rate, reflecting CSE activity, was measured with a methyl blue method as described everywhere (23, 30) . Briefly, the cells were lysed in 50 mM ice-cold potassium phosphate buffer (pH 6.8). The flasks containing reaction mixture (100 mM potassium phosphate buffer, 10 mM L-cysteine, 2 mM pyridoxal 5-phosphate, and 10% (w/v) cell/tissue homogenates) and center wells containing 0.5 ml of 1% zinc acetate and a piece of filter paper (2 ϫ 2 cm) were flushed with N 2 and incubated at 37°C for 90 min. The reaction was stopped by adding 0.5 ml of 50% trichloroacetic acid, and the flasks were incubated at 37°C for another 60 min. The contents of the center wells were transferred to test tubes each containing 3.5 ml of water. Then 0.5 ml of 20 mM N,N-dimethyl-p-phenylenediamine sulfate in 7.2 M HCl and 0.5 ml of 30 mM FeCl 3 in 1.2 M HCl were added. The absorbance of the resulting solution at 670 nm was measured 20 min later with a spectrophotometer. The H 2 S concentration was calculated against the calibration curve of the standard H 2 S solutions.
Measurement of PSA-The concentration of PSA in culture medium was measured with a PSA enzyme-linked immunosorbent assay according to the manufacturer's instructions (Sigma).
Cell Growth and Viability Assays-To analyze cell growth, 5000 cells/well were plated in 96-well plates. LNCaP and LNCaP-B cells were maintained in charcoal/dextran-stripped FBS for 2 days before each experiment. Cell viabilities were determined using an MTS cell proliferation kit (Promega). The cells incubated with control medium were considered 100% viable (25) .
Preparation of Nuclear and Cytosolic Extracts-Nuclear and cytosolic proteins were prepared with the CelLytic TM NuCLEAR TM extraction kit (Sigma) as we described previously (23) . In brief, the cells at 80% confluence were collected and lysed. Cell lysate was centrifuged at 500 ϫ g for 10 min at 4°C to separate nuclei and cytosol. Nuclei pellet was washed once with a lysis buffer and resuspended in an assay buffer. The nuclear and cytosolic fractions were then subjected to immunoblotting analysis using antibodies against AR, lamin A/C (nuclear marker), or tubulin (cytosolic marker), respectively.
Statistical Analysis-Data were presented as means Ϯ S.E., and the data represented at least three independent experiments. Statistical comparisons were made using Student's t test or one-way analysis of variance followed by a post hoc analysis (Tukey test) where applicable, and significance level was set at p Ͻ 0.05.
RESULTS

Reduced CSE Expression and H 2 S Production in Human Prostate Cancer Tissues and Antiandrogen-resistant Prostate
Cancer Cells-The expression of CSE, CBS, and 3-mercaptopyruvate sulfurtransferase, three major H 2 S-producing enzymes, was first determined and compared between human prostate adenocarcinoma and normal prostate tissues (31, 32) . The expression of CSE but not CBS was significantly reduced in prostate cancer tissue when compared with normal prostate tissues. 3-Mercaptopyruvate sulfurtransferase was not detected in both tissues (Fig. 1A) . To further elucidate the functional significance of H 2 S in the advanced progression of hormoneresistant prostate cancer, we established an in vitro model of antiandrogen-resistant prostate cancer cells (LNCaP-B) by long term treatment of AR-sensitive LNCaP cells with bicalutamide, a nonsteroidal antiandrogen agent (22) . Interestingly, we observed that CSE expression is quite lower in LNCaP-B cells in comparison with their parental LNCaP cells, whereas CBS shows no difference between these two types of cells ( Fig.  1B ). As expected, H 2 S production rate in LNCaP-B cells was only 17.4% of that in LNCaP cells (Fig. 1C) .
Age is the greatest risk factor for prostate cancer (33) . We found that CSE expression and H 2 S production in prostate tissue were reduced more than half in older wild-type mice (78 weeks old) when compared with young mice (12 weeks old) ( Fig. 2, A and B) . Age did not affect CBS expression in prostate tissue from both mice. We detected a very small proportion of H 2 S production in prostate tissues from CSE knock-out mice, which would be derived from the CBS-catalyzed reaction (Fig.  2B ). In addition, the expression of PCNA and cyclin D1, two markers of cell proliferation, was significantly increased in prostate tissues from 78-week-old CSE knock-out mice (Fig.  2C ). Immunohistochemistry data further demonstrated that there are more PCNA-positive cells in prostate tissue from 78-week-old CSE knock-out mice when compared with agematched wild-type mice (Fig. 2D ), pointing to the potential role of the CSE/H 2 S system in maintaining the balance of age-linked cell growth in prostate tissues.
Reduced CSE/H 2 S System Contributes to Castration-resistant Phenotype-After seeding the cells in new plates, LNCaP-B cells tended to adhere quickly to the bottom and grow in clusters when compared with parental LNCaP cells. Bicalutamide at 20 M inhibited LNCaP cell viability by 38% but only 16% in LNCaP-B cells in medium containing 5% charcoal/dextranstripped FBS, suggesting that LNCaP-B cells are resistant to bicalutamide-arrested cell growth. NaHS, a well known H 2 S donor, suppressed cell viability in both cell types but with more significance in LNCaP-B cells (37.5%) when compared with LNCaP cells (22%). The addition of NaHS rebuilt the sensitivity of LNCaP-B cells to bicalutamide-induced cell growth inhibition ( Fig. 3A) . We further found that LNCaP-B cells grow faster upon stimulation with low concentration of R1881, a synthetic androgen (1.97 times) when compared with LNCaP cells (1.36 times) ( Fig. 3B ). Exogenously applied NaHS significantly reversed R1881-induced cell growth in both cell types with more significance in LNCaP-B cells (Fig. 3B) .
To investigate whether CSE expression contributes to antiandrogen-resistant cell growth in prostate cancer cells, we down-regulated CSE expression in LNCaP cells but up-regulated CSE expression in LNCaP-B cells (Fig. 3, C and E) . Interestingly, we found that bicalutamide significantly reduces cell growth in negative control siRNA-transfected LNCaP cells, whereas bicalutamide has little effect on cell growth of LNCaP transfected with two different CSE siRNAs (Fig. 3D) , respectively. Adenovirus-mediated CSE overexpression significantly reduced cell growth in LNCaP-B cells, which was further inhibited by bicalutamide. In contrast, bicalutamide had little effect on the cell growth of LNCaP-B cells transfected with adenovirus containing ␤-gal gene (Fig. 3F) .
H 2 S Suppresses AR Transactivation-AR plays a central role in the progression of prostate cancer, which is tightly regulated by androgen. We first found that the expression of AR-targeted gene PSA but not AR is up-regulated in LNCaP-B cells when compared with LNCaP cells, and similarly, CSE knockdown significantly stimulates PSA but not AR expression in LNCaP cells (Fig. 4, A and B ). R1881 induces protein expressions of both AR and PSA in LNCaP cells. The presence of NaHS did not affect AR protein expression, whereas NaHS significantly reduced both basal and R1881-stimulated PSA protein expression ( Fig. 4C) . Moreover, the basal or R1881-induced mRNA expression of PSA and TMPRSS2 (another AR target gene) was suppressed by NaHS ( Fig. 4D) (24, 34) . GYY4137, a slow-releasing H 2 S donor, also displayed inhibitory effect on the mRNA levels of PSA and TMPRSS2 (Fig. 4E) (15) . We further measured medium PSA level in LNCaP cells after R1881 and NaHS treatment. R1881 stimulated medium PSA secretion by 458.3%, whereas NaHS inhibited PSA secretion by 37.5% ( Fig. 4F ). AR regulates gene transcriptions by binding the AREs located in the promoter/enhancer region (3) . We next found that NaHS significantly suppresses ARE luciferase activity with or without R1881 stimulation (Fig. 4G ). CSE overexpression displayed a similar effect as exogenously applied NaHS on inhibiting ARE luciferase activity (Fig. 4H) . By using the ChIP assay, we further found that H 2 S lowers the binding of AR with the promoters of PSA-and TMPRSS2-containing ARE sites (Fig. 4I) . No immunoprecipitation and amplification were seen with nonspecific IgG antibody. We further determined the binding of AR with the distant DNA region containing no ARE sites within PSA or TMPRSS2 promoter. As expected, no signaling was observed for the binding of AR with these distant DNA regions (Fig. 4I ). All these data suggest that H 2 S suppresses AR transactivation by inhibiting AR binding with ARE. CSE expression and H 2 S production were not changed by either bicalutamide or R1881 in LNCaP cells (data not shown).
H 2 S Does Not Affect AR Nuclear Translocation and Phosphorylation-Next we investigated how H 2 S inhibits ARmediated gene expression. In normal condition, AR interacts with HSP70 and HSP90 in cytoplasm and remains in an inactive state (3) . Upon androgen stimulation, AR unbinds HSPs and translocates into the nucleus following increased AR phosphorylation and dimer formation, which will facilitate the binding of AR with ARE sequences and help transcription of AR-targeted genes (5) . We first transfected Cos-1 cells with pAR-GFP plasmid either alone or with R1881. In the absence of R1881, GFP signals primarily localized in the cytosol. The addition of R1881 enhanced GFP signals and stimulated GFP signal translocation into the nucleus. Incubation of the cells with NaHS had little effect on GFP localization in the presence or absence of R1881 (Fig. 5A ). We next found that the basal proportion of AR and the proportion of R1881-stimulated nuclear AR in LNCaP cells are not affected by NaHS treatment (Fig. 5B) . The presence of NaHS did not affect the interaction of AR with HSP90 and HSP70, although we observed that R1881 significantly inhibits AR binding with HSP90 and HSP70 (Fig. 5C ). We further demonstrated that NaHS has no effect on AR phosphorylation (Fig.  5D ). All these data suggest that H 2 S-suppressed AR transactivation is independent of AR interaction with HSPs, nuclear translocation, and phosphorylation. A and B , down-regulated CSE expression and lower H 2 S production rate in prostate tissues from older wild-type mice. *, p Ͻ 0.05 versus all other groups. C, increased expression of PCNA and cyclin D1 in prostate tissues from older CSE knock-out mice. D, more PCNA-positive cells in prostate tissues from older CSE knock-out mice. Twelve-and 78-week-old CSE knock-out mice and age-matched wild-type littermates were used for these experiments. *, p Ͻ 0.05 versus all other three type of mice in the same group. ϩ/ϩ, wild-type; Ϫ/Ϫ, CSE knock-out. Eight to 10 mice of each type were used for C, and three mice of each type were used for D. Data are presented as means Ϯ S.E.
H 2 S S-Sulfhydrates AR at the Second Cysteine-rich Zinc Finger Module-Post-translational modification of proteins by
S-sulfhydrating their cysteine residue(s) is proposed to mediate most of the biological effects of H 2 S (19, 23). Here we found that NaHS at 30 M enhanced AR S-sulfhydration in LNCaP cells (Fig. 6A ). H 2 S suppression of AR transactivation even in the absence of androgen suggests us that H 2 S may directly act on AR-DBD to alter AR binding with ARE-containing genes. The DBD of AR includes 10 cysteine residues that form two cysteine 4-type zinc fingers with a Zn 2ϩ in the center, which enables the AR to specifically recognize AREs (Fig. 6B) (7) . To identify the S-sulfhydrated cysteine residue(s) in DBD, we individually mutated the 5 cysteine residues located in the second zinc finger, which is critical for AR dimerization and transactivation (9, 35) . Single mutation of cysteine 611 or 614 but not other cysteine residues reduced AR S-sulfhydration in the presence of NaHS (Fig. 6C) , and double mutation of both cysteine 611 and cysteine 614 completely abolished AR S-sulfhydration, pointing to the critical roles of cysteine 611 and cysteine 614 in AR S-sulfhydration (Fig. 6D ). When both CSE and wild-type AR were overexpressed in Cos-1 cells, AR was clearly S-sulfhydrated. However, mutation of cysteine 611/614 abolished CSE overexpression-initiated AR S-sulfhydration, suggesting AR can also be S-sulfhydrated by overproduced endogenous H 2 S at cysteine 611/614 (Fig. 6E) . Exogenously applied H 2 S had no effect on GR and ER␣ S-sulfhydration in LNCaP cells (Fig. 6F) .
Furthermore, we observed that the basal and R1881-induced AR dimer formation is inhibited by NaHS in LNCaP cells (Fig.  7A) , which was validated in Cos-1 cells transfected with pAR-GFP vector (Fig. 7B) . Interestingly, double mutation of cysteine 611/614 eliminates the inhibitory role of NaHS on AR dimmer formation, indicating that H 2 S suppresses AR transactivation via S-sulfhydrating both cysteine 611 and cysteine 614 in AR-DBD following reduced AR dimerization and AR binding with B, CSE knockdown induced PSA expression. After LNCaP cells were transfected with CSE-siRNAs or negative siRNA (Neg-siRNA) for 48 h, the cells were collected for Western blotting analysis. *, p Ͻ 0.05. C, H 2 S inhibited PSA protein expression. Twenty-four hours after LNCaP cells were treated with 10 nM R1881 in the presence or absence of NaHS (30 M), the cells were collected for Western blotting analysis of AR and PSA expression. D, H 2 S inhibited the mRNA expression of PSA and TMPRSS2. Twenty-four hours after LNCaP cells were treated with 10 nM R1881 in the presence or absence of NaHS (30 M), the cells were collected for real-time PCR analysis of AR and PSA mRNA expression. *, p Ͻ 0.05 versus R1881 group and NaHS group; #, p Ͻ 0.05 versus R1881 group. E, GYY4137 inhibited the expression of AR-targeted genes. Forty-eight hours after LNCaP cells were incubated with GYY4137 (100 M), the cells were collected for analyzing the mRNA expression of PSA and TMPRSS2. *, p Ͻ 0.05. F, H 2 S inhibited basal and R1881-induced PSA secretion in LNCaP cells. Forty-eight hours after LNCaP cells were incubated with R1881 (10 nM) with or without NaHS (30 M), the medium was collected for PSA measurement. *, p Ͻ 0.05 versus R1881 group and NaHS group; #, p Ͻ 0.05 versus R1881 group. G, H 2 S inhibited ARE luciferase activity. Forty-eight hours after LNCaP cells were transfected with inducible ARE luciferase construct in the presence or absence of R1881 (10 nM) and NaHS (30 M), the cells were collected for measuring luciferase activity. *, p Ͻ 0.05 versus R1881 group and NaHS group; #, p Ͻ 0.05 versus R1881 group. H, CSE overexpression suppressed ARE luciferase activity. Twenty-four hours after LNCaP cells were transfected with Ad-CSE, the cells were transfected with inducible ARE luciferase construct in the presence of R1881 (10 nM) for another 48 h. *, p Ͻ 0.05 versus all other groups. I, H 2 S inhibited AR binding with ARE in AR-targeted genes. Forty-eight hours after LNCaP cells were treated with R1881 (10 nM) with or without NaHS (30 M), the cells were subjected to ChIP assay to detect the binding of AR with ARE-containing promoter region in both PSA and TMPRSS2. The typical binding images are shown in the left panel, and quantitative analysis of AR and the promoter interaction measured by real-time PCR is shown in the right panel. *, p Ͻ 0.05 versus R1881 group and NaHS group; #, p Ͻ 0.05 versus R1881 group. All experiments were repeated at least three times. Data are presented as means Ϯ S.E. ARE (Fig. 7C ). To investigate whether H 2 S-regulated prostate cancer cell growth is specific to AR functional change, we overexpressed AR in LNCaP cells (Fig. 7D) . In control LNCaP cells, NaHS (30 M) significantly inhibited cell growth, whereas AR overexpression induced cell growth and reversed the antigrowth effect of H 2 S (Fig. 7E) , indicating H 2 S suppresses prostate cancer cell growth by at least partially targeting at AR.
DISCUSSION
Prostate cancer is one of the most commonly lethal malignancies occurring in western countries, and today, it is expected that 1 in 5 men will be diagnosed with this disease in their lifetime and that this number will rise to 1 in 4 within the next decade (33) . Androgen ablation via surgical (orchiectomy) or medical (antiandrogens) castration as a first-line therapy has been recognized for a longer time (36) . Despite all these therapies, prostate cancer cells invariably develop a variety of cellular pathways to survive and proliferate in an androgen-depleted environment, leading to eventually fatal outcome (4, 5) . Although several hypotheses, including AR gene amplification, AR gene mutations, involvement of coregulators, and ligandindependent activation of AR, have been proposed to contribute to CRPC, further understanding of the molecular mechanisms triggered by AR signaling during CRPC is critical for designing new potential targets against advanced prostate cancer progression (3, 36) .
In this study, we showed that CSE exhibits a significant decreased expression pattern in clinical advanced prostate cancer tissues and antiandrogen-resistant prostate cancer cells. The level of endogenous H 2 S, a novel gasotransmitter, was also lower in antiandrogen-resistant prostate cancer cells, suggest-ing that CSE/H 2 S signaling is involved in the development of CRPC (32) . This seems to be the case as overexpression of CSE or supplement of exogenously applied H 2 S re-established the sensitivity of antiandrogen-resistant prostate cancer cells to bicalutamide-inhibited cell growth. In contrast, knockdown of CSE in LNCaP cells, both androgen-responsive and bicalutamide-sensitive prostate cells, endowed the cells to grow even in the presence of bicalutamide. Many factors have been reported to induce androgen-independent growth of prostate cancer cells (22, 37, 38) . The production of NO, another well defined gasotransmitter, was higher in antiandrogen-resistant prostate cancer cells, and treatment of a nitrous oxide synthase inhibitor L-NG-nitroarginine methyl ester could resensitize the growth response to bicalutamide (22) . Chronic inflammation induced by IL-1␤ or overexpression of c-Myc also conferred androgen-independent prostate cancer cell growth (37, 38) . Although we demonstrated the reduced CSE expression and H 2 S production in human prostate cancer tissues and antiandrogen-resistant prostate cancer cells, further comparison of CSE/H 2 S change between human androgen-resistant and androgen-dependent prostate cancer tissues will definitely help the clinical application of H 2 S against prostate cancer.
To elucidate how decreased CSE/H 2 S system contributes to antiandrogen-resistant cell growth, we analyzed the regulation of AR signaling by H 2 S. Continued reliance on AR signaling is a hallmark of prostate cancer progression (1) . It is known that the unbound AR resides predominantly in the cytoplasm in a complex containing HSP70 and HSP90; the presence of androgen initiates a cascade of events that leads to AR release from HSPs following increased AR phosphorylation, AR nuclear transloca- FIGURE 5 . H 2 S has no effect on AR nuclear translocation and phosphorylation. A, H 2 S did not affect cellular localization of AR. Seventy-two hours after LNCaP cells were incubated with R1881 (10 nM) with or without NaHS (30 M), the cells were observed for GFP signal under an inverted Olympus IX70 microscope. B, H 2 S had no effect on AR nuclear localization. Forty-eight hours after LNCaP cells were incubated with R1881 (10 nM) with or without NaHS (30 M), the cells were collected to extract nuclear and cytosolic protein. C, H 2 S did not change the binding of AR with HSPs. Forty-eight hours after LNCaP cells were incubated with R1881 (10 nM) with or without NaHS (30 M), the cells were collected for immunoprecipitation (IP) assay. WB: Western blotting. D, H 2 S had little effect on AR phosphorylation (phos-AR). LNCaP cells were incubated with R1881 (10 nM) with or without NaHS (30 M) for 2 h. The experiments were repeated at least three times. tion, and dimerization (3, 10) . We first confirmed that the presence of R1881, a synthetic androgen, induces AR protein expression, inhibits HSPs binding with AR, enhances AR phosphorylation, and stimulates AR nuclear translocation, pointing to the crucial role of androgen in activating AR signaling. In contrast, we observed that H 2 S has little effect on AR protein expression and AR phosphorylation. H 2 S also did not affect the interaction of AR with HSPs and AR subcellular distribution, even in the absence of R1881. Despite these findings, H 2 S did inhibit AR transactivation, as evidenced by decreased AR binding with AREs situated in the promoter region of AR target genes and lower ARE luciferase activity. Adenovirus-mediated CSE overexpression also significantly attenuated ARE luciferase activity independent of androgen. Consistent with these data, H 2 S decreased the mRNA expression of PSA and TRPPS2, two AR-responsive genes. All these data suggest that H 2 S eliminates AR transactivation possibly at the DNA binding level because the presence of R1881 does not affect the inhibitory role of H 2 S on AR transactivation.
The mechanisms underlying H 2 S-inhibited AR transactivation may involve the post-translational regulation of AR by S-sulfhydration. H 2 S, as a redox agent, can directly interact with sulfhydryl groups in the cysteine residue(s) of selective proteins, yielding a hydropersulfide moiety (-SSH), termed as S-sulfhydration (23) . S-Sulfhydration leads to conformational change following altered protein function, which is a novel and important redox signaling mechanism in regulating different cellular functions (19, 32) . In our study, we found that the fulllength of AR can be S-sulfhydrated in the presence of H 2 S. H 2 S suppressing AR downstream gene expression without changing AR interaction with HSPs as well as nuclear localization suggests to us that H 2 S may directly target at AR-DBD. AR-DBD contains two cysteine-rich zinc finger modules (6) . The first zinc finger is responsible for the recognition of AREs, whereas the second zinc finger is involved in DNA-dependent dimerization and the stabilization and specificity of DNA binding (8) . We further identified that both cysteine 611 and cysteine 614 in the second zinc finger motif of DBD are responsible for AR S-sulfhydration because mutation of these two cysteine residues completely abrogated S-sulfhydration of AR. Other cysteine residues, including cysteines 595, 601, and 619 in the second zinc finger module of AR-DBD, do not appear to be Cos-l cells were transfected with Ad-LacZ or Ad-CSE with or without wild-type AR or AR cysteine 611/614 mutant for 48 h. F, H 2 S had no effect on GR and ER␣ S-sulfhydration. LNCaP cells were incubated NaHS (30 M) for 48 h. GAPDH acted as a positive control. AR S-sulfhydration was detected by biotin switch assay with anti-AR antibody (A), anti-GFP antibody (C, D, and E), or anti-ER␣ and GR (F). The experiments were repeated at least three times.
responsible for AR S-sulfhydration. Most hormone receptors have a DNA binding domain, and the DNA binding domain of AR is highly identical to other hormone receptors, such as GR (76%) and ER␣ (56%). However, both GR and ER␣ were not S-sulfhydrated by H 2 S, excluding the involvement of these receptors in H 2 S-regulated prostate cancer cell growth. Protein S-sulfhydration on specific cysteine residue(s) is dependent on many factors, such as protein structure, the position of cysteine and the surrounding amino acids, local electric charge and redox status, etc. (19, 20) . Thus our data elucidate a unique mechanism of H 2 S action on repressing AR transactivation through S-sulfhydrating the second zinc finger motif located in AR-DBD.
The interaction of H 2 S and AR through both cysteine 611 and cysteine 614 may destroy zinc-sulfur cluster and cause a structural change in AR-DBD, triggering abnormal AR dimerization and DNA binding ability (39) . AR as a nuclear receptor is often activated as DBDs bind as dimers to two hexameric sequences orientated as direct or inverted repeats (35, 40) . The second zinc finger module of AR provides DNA-dependent receptor dimerization necessary for most of the protein-DNA interaction (41) . Indeed, the present study demonstrated that H 2 S inhibits AR dimerization in prostate cancer cells. Mutation studies showed that both cysteine 611 and cysteine 614 are involved in the inhibitory role of H 2 S on AR dimer formation. Lower AR dimerization would make AR hardly or inadequately bind with AREs, leading to reduced expression of AR-targeted genes. Future studies need to explore how H 2 S S-sulfhydration of cysteine 611/614 alters AR zinc finger structure and dimerization. Twenty-four hours after the cells were transfected with wild-type AR plasmid, R1881 (10 nM) and/or NaHS (30 M) were added for another 48 h. *, p Ͻ 0.05 versus R1881 group and NaHS group; #, p Ͻ 0.05 versus R1881 group. C, mutation of C611/614 eliminated H 2 S-induced AR dimerization inhibition. Twenty-four hours after the cells were transfected with AR mutants, R1881 (10 nM) and/or NaHS (30 M) were added for another 48 h. *, p Ͻ 0.05 versus R1881 group. D and E, AR overexpression abolished the antigrowth effect of H 2 S on prostate cancer cells. LNCaP cells were transfected with wild-type AR in the presence or absence of NaHS (30 M) for 48 h. The experiments were repeated at least three times. Data are presented as means Ϯ S.E.
The risk of getting prostate cancer increases with age (3). About 60% of cases are diagnosed in men aged 65 or older, and it rarely occurs in men at age 40 or younger (33) . In our studies, we found that CSE expression and H 2 S production in prostate tissues are significantly lower in mice when they became older, and CSE knock-out eliminates about 80% of H 2 S production in mouse prostate tissues. The aging CSE knock-out mice tend to have higher cell proliferation rate in prostate tissues, as evidenced by more PCNA-positive cells and higher expression of PCNA and cyclin D1.
In conclusion, this study demonstrated that reduced expression of CSE occurred in human prostate cancer tissues and antiandrogen-resistant prostate cancer cells, and maintenance of sufficient level of H 2 S could effectively inhibit antiandrogen-resistant growth of prostate cancer cells by suppressing AR transactivation through S-sulfhydrating the second zinc finger module located in DBD. Importantly, our studies suggest that the CSE/H 2 S system can serve not only as a valuable prognosis indicator but also as an effective therapeutic target for treatment of both the early state of prostate cancer and CRPC.
